SUMMARY (150 words) 20
Naïve mouse embryonic stem (ES) cells can readily acquire specific fates, but the 21 cellular and molecular processes that enable lineage specification are poorly 22 characterised. Here we investigated progression from the ES cell ground state in 23 adherent culture. We utilised down-regulation of Rex1::GFPd2 to track loss of ES cell 24 identity. We found that cells that have newly down-regulated this reporter have acquired 25 competence for germline induction. They can also be efficiently specified for different 26 somatic lineages, responding more rapidly than naïve cells to inductive cues. Nodal is a 27 candidate autocrine regulator of pluripotency. Abrogation of Nodal signalling did not 28 substantially alter kinetics of exit from the ES cell state, but accelerated subsequent 29 adoption of neural fate at the expense of other lineages. This effect was evident if Nodal 30 was inhibited prior to extinction of ES cell identity. We suggest that Nodal is pivotal for 31 non-neural competence in cells departing naïve pluripotency. 32
INTRODUCTION 33
Pluripotency denotes a flexible cellular potential to differentiate into all lineages of the 34 developing embryo. This property emerges in the epiblast of the pre-implantation 35 blastocyst (Boroviak et al., 2014; Gardner, 1975; Rossant, 1975) . After implantation, 36 epiblast cells remain pluripotent while undergoing profound cellular and molecular 37 changes in preparation for gastrulation (Smith, in press) . In mice the post-implantation 38 epiblast develops into a cup-shaped epithelium, the egg cylinder. Signalling cues from 39 extra-embryonic tissues then pattern the egg cylinder to establish anterior-posterior and 40 proximal-distal axes prior to lineage specification (Arnold and Robertson, 2009; 41 Beddington and Robertson, 1998; Peng et al., 2016; Rossant and Tam, 2009; Thomas 42 and Beddington, 1996) . 43
In mouse the naive phase of pluripotency can be captured in culture in the form of 44 embryonic stem (ES) cells (reviewed by Nichols and Smith, 2012) ES cell progression from the ground state is initiated simply by removal of the 55 inhibitors. In adherent culture this results predominantly in neural specification (Ying et 56 taken directly from 2i ( Figure S1C ). We focussed attention on the character of cells 81 24hrs after 2i withdrawal, the first time point at which it is practical to isolate a 82 substantial population of Rex1-negative cells by flow cytometry (Kalkan et al, 2016) . 83 We first investigated capacity to form primordial germ cell-like cells (PGCLC). 84
Previous studies have shown that undifferentiated ES cells are not directly competent 85 for germline specification but must first transition to a transient epiblast-like (EpiLC) 86 population which can then be induced to form PGCLC (Hayashi et al., 2011; Nakaki et 87 al., 2013) . The EpiLC population is obtained by transfer from 2i/LIF to N2B27 medium 88 supplemented with ActivinA, bFGF and the serum substitute KSR for 48hrs (Hayashi et 89 al., 2011) . We assessed whether the first cells that exit the ground state in N2B27 alone 90 exhibit competence to form PGCLC. For this purpose we used RGd2 ES cells 91 transfected with a doxycycline (Dox)-regulatable expression construct containing the 92 three germ line determination factors Prdm1 (Blimp1), Prdm14 and Tfap2c 93 (Magnúsdóttir et al., 2012; Nakaki et al., 2013) . Stable transfectants were withdrawn 94 from 2i for 24hrs and the high and low GFP fractions isolated by fluorescence-activated 95 cell sorting (FACS) ( Figure 1A ). For each fraction, 3000 cells were aggregated in non-96 adherent 96 well plates in medium containing 15% KSR with or without Dox (Nakaki et 97 al., 2013) . After 4 days, few cells co-expressing Blimp1 with Oct4 were present in 98 aggregates from either population without Dox. Dox treatment did not increase the 99 frequency of co-expression from Rex1-positive cells, but induced many double positive 100 cells from the Rex1-negative fraction ( Figure 1B Figure 1D ). By RT-qPCR analysis we detected upregulated expression of 106 endogenous Prdm1 (Blimp1), along with Prdm14, Tfap2c, Nanos3 and Stella, as well as 107 maintenance of Pou5f1 (Oct4) ( Figure 1E ). T (Bra) was induced transiently on day 2 as 108 previously described for PGCLC induction ( Figure 1E ) (Nakaki et al., 2013) . Thus ES 109 cells that have newly exited the ground state under autocrine stimulation in defined 110 conditions acquire competence for germline specification. 111
We then examined somatic lineage potential of Rex1-negative cells. Sorted fractions 112 were plated in media that favour mesoderm, definitive endoderm or neural lineages 113 respectively and the timing and efficiency of differentiation quantified. 114
ActivinA combined with GSK3 inhibition (GSK3(i)), elicits the upregulation of Figure 2G ). To trace the sorted cell progeny we employed 142
RGd2 cells constitutively labelled with mKO2 under the control of a CAG promoter 143 (Niwa et al., 1991) . Two hundred sorted labelled cells were plated together with 5.8x10 3 144 parental cells per 3.8cm 2 dish. Cells were exposed to definitive endoderm differentiation 145 media then fixed and stained for Sox17 at day 4. The total number of mKO2 positive Kolmogorov-Smirnov test p<0.01). These differences were modest however. 152 Importantly, the majority of Rex1-negative cells were able to produce colonies 153 containing Sox17 positive cells. 154
Finally, we examined cell fate acquisition in N2B27 alone, which is permissive for 155 neural differentiation (Ying et al., 2003) . The great majority (≤80%) of cells from both 156 Rex1 fractions became immunopositive for Sox1, an exclusive marker of neurectoderm 157 (Pevny et al., 1998; Zhang et al., 2010 ) ( Figure 2K ). However, Rex1-negative cells 158 showed earlier upregulation of Sox1, with most cells becoming Sox1 positive on day 2, 159 a day before the Rex1-positive population ( Figure 2K ). Cell viability and expansion were 160 not significantly different between the populations ( Figure S2C ). Rex1-negative cells 161 subsequently also showed accelerated onset of expression of the neuronal marker type 162 III β-tubulin (Lee et al., 1990)( Figure S2D ). 163
Overall, these data indicate that after 24hrs of monolayer differentiation guided by 164 autocrine cues, cells in the Rex1-negative population are poised for multilineage 165 specification and respond more rapidly to induction than either ground state ES cells or 166 Figure S3A ). However, culture in Alk(i) did not affect 176 colony forming capacity in 2i/LIF, even after continuous culture for three passages 177 ( Figure S3B ), confirming that Nodal plays little or no role in maintenance of ground state 178 mouse ES cells. 179
We examined the contribution of autocrine Nodal signalling in progression from the 180 ES cell state. We analysed changes in gene expression in cells withdrawn from 2i in the 181 continuous presence of Alk(i) and found no difference in the dynamics of 182 downregulation of Nanog or Klf2 mRNA ( Figure 3B ), nor of Nanog and Klf4 protein 183 ( Figure 3C ). The rate of decay in ES cell clonogenicity was also unaffected ( Figure 3D ). 184
We conclude that Nodal signalling does not promote initial exit from the naïve state. 185
We examined expression of genes associated with the early post-implantation 186 epiblast. Initial upregulation of pan-epiblast genes Fgf5 and Otx2 was not significantly 187 altered when Nodal signalling was inhibited ( Figure 4E ). However, these genes were 188 subsequently downregulated more abruptly on day 3/4 ( Figure 4E We conclude that suppression of Nodal signalling does not substantially affect initial exit 199 from the naïve state but promotes subsequent specification to the neural lineage. Lefty2 and Smad7 ( Figure S4A ). Consistent with pathway down-regulation in Rex1-209 negative cells, we found that when cells were exposed to Alk(i) only after sorting, the 210 Rex1-negative fraction showed no change in kinetics of Sox1 acquisition. In contrast the 211 Rex1-positive population responded by accelerated expression at day 2 ( Figure 4A , 212 Student t-test p<0.05). 213
In light of these results, we postulated that Nodal signalling may function during the 214 primary transition from naïve pluripotency. We therefore inhibited Nodal signalling for 215 only the 24hrs immediately following 2i withdrawal and analysed the resulting Rex1-216 negative cells ( Figure S4B ). In line with previous results for continuous treatment, 217 exposure to Alk(i) for 24hrs had little effect on downregulation of Rex1 ( Figure S4B was also similar to vehicle-treated cells ( Figure S4C ). Sox1 mRNA was not detected at 221 24hrs, irrespective of the presence of Alk(i) ( Figure S4D ). Sox1 protein was detectable 222 only in a minority of untreated cells on day 1 after sorting and increased thereafter. In 223 contrast up to half of cells generated after Alk(i)-treatment upregulated Sox1 protein on 224 day 1 ( Figure 4B ). This difference does not appear to be due to differential replating 225 efficiency ( Figure 4C ). 226
We examined whether faster neural specification as a consequence of Alk(i) pre-227 treatment has consequences for other lineages. We analysed the response of Alk(i)-228 treated cells to ActivinA/Gsk3(i). Rex1-negative cells showed a major reduction in the 229 total number of T::mKO2 positive cells ( Figure 4D ). Interestingly, this was mainly 230 attributable to reduced cell numbers after exposure to ActivinA/Gsk3(i) ( Figure 4E , 231 S4E). A similar reduction in cell survival/proliferation was observed in cells exposed to 232 lateral mesoderm differentiation conditions ( Figure S4F -H). To evaluate endodermal 233 specification we employed the clonal mixing protocol described previously ( Figure 4F ). 234
We observed a shift to fewer Sox17 positive cells per clone ( Figure 4G ), although the 235 clone sizes ( Figure 4H ) or total number of clones ( Figure S4I ) were not reduced in the 236 Alk(i) pre-treated population 237
Finally, we assessed whether pre-treatment with Alk(i) for 24hrs affected the potential 238 of Rex1-negative cells to respond to PGC-inducing transcription factors ( Figure 4I Our findings in the simple monolayer ES cell system are consistent with genetic 307 evidence that Nodal signalling prevents premature neural differentiation in the embryo 308 (Camus et al., 2006) . Importantly, however, they also indicate that endogenous Nodal 309 signalling acts during progression from naïve pluripotency to secure non-neural lineage 310 potency. It has been reported that Smad2/3 is recruited by 'master transcription factors' 311 to regulatory loci in a cell type-specific manner (Mullen et al., 2011). In addition, a recent 312 study in human ES cells also suggested that Smad2/3 is able to recruit histone 313 methyltransferases to gene promoters (Bertero et al., 2015) . Therefore, non-neural 314 competence could depend upon the presence of Smad2/3 at specific loci during the ES 315 cell transition from naïve pluripotency. 316
Overall these results are consistent with the proposition that in defined adherent 317 culture, ES cells transit through a formative phase in which they acquire competence for 318 multilineage differentiation, including the germline (Kalkan and Smith, 2014; Smith, in 319 press). In this phase, cells are expected to respond to inductive signals rapidly and 320 efficiently, as observed for Rex1 negative cells at 24hrs. Furthermore, our findings 321 highlight a pivotal requirement for Nodal signalling in establishing formative 322 pluripotency. Fiorenzano, A., Pascale, E., Aniello, C.D.A., Acampora, D., Bassalert, C., Russo, F., 494
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